We update our 1997 publication by reviewing 29 new reports of tests of magnetic fields (MFs) in six different in vivo animal models of carcinogenesis: 2-year, lifetime, or multigeneration exposure studies in rats or mice; and promotion/progression models (rat mammary carcinoma, rat liver focus, mouse skin, several models of human leukemia/lymphoma in rats and mice, and brain cancer in rats). Individual experiments are evaluated using a set of data quality criteria, and summary judgments are made across multiple experiments by applying a criterion of rough reproducibility. The potential for carcinogenicity of MFs is discussed in light of the significant body of carcinogenesis data from animal bioassays that now exists. Excluding abstracts, approximately 80% of the 41 completed studies identified in this and our previous review roughly satisfy data quality criteria. Among these studies, the criterion for independent reproducibility is not satisfied for any positive results but is satisfied for negative results in chronic bioassays in rats and mice and for negative results in both promotion and co-promotion assays using the SENCAR mouse skin model. Results of independent replication studies using the rat mammary carcinoma model were conflicting. We conclude that long-term exposure to continuous 50-or 60-Hz MFs in the range of 0.002-5 mT is unlikely to result in carcinogenesis in rats or mice. Though results of most promotion/progression assays are negative, a weak promoting effect of MFs under certain exposure conditions cannot be ruled out based on available data.
Previously, we reviewed 36 publications that reported results of some 30 completed tumorigenicity tests of electric and magnetic fields (EMFs) in eight major animal model systems and 6 studies that were in progress (1). Since our review was published, the 6 in-progress studies have been completed, and some 20 new reports have been identified (Table 1) . More than 60 reports describing completed studies are now available for review. The great majority of these studies test for potential tumorigenicity of 50- 
Quality Assurance and Reproducibility/Comparability Criteria
Good laboratory practice (GLP) standards (7) address the complex quality assurance (Q/A) aspects of in vivo laboratory studies, particularly long-term chronic animal bioassays. GLP includes such aspects as standard laboratory operating procedures and protocols for test methods, facilities management and operating procedures, personnel qualifications, and data management and recordkeeping. It is not possible from examining most published reports to determine whether a particular study con- forms to many of the quality standards specified by GLP. Therefore, we consider that studies that state they have been conducted according to GLP provide important Q/A information that cannot otherwise be determined. We have noted in the text and in Table 2 those studies that indicate they have been conducted according to GLP. Each experiment was also evaluated against five additional data quality objectives: a) conformity of exposure conditions and biologic tests to accepted protocols for a particular assay; b) sufficiency of the experimental details reported relative to permitting an adequate characterization of exposure conditions and biologic results; c) inclusion of critical control experiments; d) internal reproducibility and/or dose-response character of results; and e) use of appropriate statistical methodology.
We have noted in the text and in Table 2 when any aspect of a study was conducted under blinded conditions. However, we have evaluated the significance of this Q/A feature on a case-by-case basis, since there is a difference of opinion among investigators as to the desirability of using a blinded approach, particularly for pathologic evaluations (8, 9) .
We have also noted in the text and in Table 2 when a study protocol included a positive control. The importance and feasibility of including positive controls varies for different assays. Specifically, the size and complexity of some protocols, particularly long-term chronic bioassays, preclude the practical addition of a positive control. A positive control, when feasible, is particularly important to include in an assay that is relatively nonstandardized or variable. We have commented in the text on those cases in which the addition or omission of a positive control contributed significantly to the evaluation ofstudy results.
As we have previously discussed with reference to the genotoxicity literature (10) , an important limitation in applying data quality criteria to experiments from the published literature is that experiments that do not meet these criteria because of a failure to include sufficient information may be quite adequate experimentally, but if this cannot be determined from the information provided in the publication, a conservative analysis must classify them as not meeting quality criteria. In our analysis we have attempted to at least partially take this potential problem into account by pointing out which experiments failed to meet data quality criteria solely because of incomplete information.
Multiple experiments satisfying data quality objectives in the same animal model system were cross compared to determine whether an overall positive or negative (10) .] The criterion of rough reproducibility attempts to take into account the infrequency with which studies are precisely replicated in the open literature. We considered that two results were roughly comparable if exposure and assay conditions were similar enough to conclude that the condition of independent reproducibility would most likely be satisfied were such a test to be conducted for any of the studies satisfying the condition. Aspects considered in making a judgment that protocols were roughly similar induded rodent strains employed, dosing amounts and schedules (e.g., dose of initiator in promotion studies), exposure and end point monitoring schedules, parameters monitored, and results in null and positive controls. Exposures were considered roughly similar if flux densities employed were within a factor of 5, if frequencies employed were either 50 or 60 Hz, and if waveforms delivered were similar in character (e.g., both continuous or both intermittent or pulsed in experiments compared).
Clearly, decisions as to whether a particular experiment adheres to data quality or independent reproducibility criteria are often not clear cut. Nor is there any clear-cut method for unequivocally making summary judgments concerning the positivity or negativity of an agent based on tumorigenicity data from multiple nonidentical assay systems and exposure conditions. Scientific judgment must be applied, which, inevitably is somewhat subjective.
Results
The types of bioassays used to test EMFs for carcinogenic potential fall roughly into two categories. These include long-term (2-year/lifetime or multigeneration) chronic exposure studies aimed primarily at determining whether EMF has activity as a complete carcinogen, and a variety of usually shorter-term bioassays aimed at determining whether EMFs have potential to modulate post-initiation stages of carcinogenesis. The 29 reports available for review since our previous publication (1) are listed in Table 1 . These include 7 reports from 5 independent research groups describing results of singleor multigeneration chronic exposure studies, and 22 reports presenting results from 12 independent research groups conducting a variety of bioassays focused primarily on post-initiation stages of carcinogenesis.
Applying the data quality criteria specified above, we present an analysis of experiments presented in these 29 new reports. Results of these reports are summarized in Table 2 . We also integrate these results with those from our previous review (1) and offer a summary judgment as to whether a conclusion as to the positivity or negativity of EMFs in each model system is justified.
Tests ofMFs in 2-Year, Lifetime, or Multigeneration Exposure Studies
In our previous publication (1), we identified several 2-year or multigeneration chronic exposure studies that were either in progress or incompletely reported and therefore not available for adequate review [see McCann et al. (1) for references and discussion]. The three studies reported as in progress have now been completed (11) (12) (13) (14) (15) . Studies that were complete at the time of our earlier review but that could not be evaluated because they were available only in preliminary or abstract form have now appeared in more complete form (16, 17) . We briefly review and assess results reported in these seven new reports.
The studies conducted by the National Toxicology Program (NTP) using F344 rats 
(Continued) In the NTP MF exposure study (11) (12) (13) 19) , larger-than-standard-size groups (100 animals per sex exposure group) of rats and mice were employed in an effort to increase the sensitivity of the assay for the detection of possibly weak MF effects. As shown in Table 2 , F344/N rats and B6C3F1 mice of both sexes were exposed (18.5 hr/day, 7 days/week) to continuous 60-Hz MFs of 2 pT, 0.2 mT, or 1 mT, or to intermittent 60-Hz, 1-mT fields (1 hr on/1 hr off). Exposure began when the animals were 6-7 weeks old. The experiment also included sham-exposed controls (100 animals per group) for each species and sex.
This study was conducted in accordance with GLP, and in addition, independent audits of pathology data, specimens, and tables were conducted (11) (12) (13) . A preliminary 8-week toxicity study was also conducted using the same set of exposures as employed in the 2-year chronic bioassay to determine a baseline for standard toxicologic parameters (20) . Though statistically significant increases in liver weight and liver-tobody weight ratios in female rats of all exposure groups were noted, the study did not identify any significant toxic effects. Investigators noted that increased liver weight is a common finding in animals exposed to xenobiotics. Liver weight and liver-to-body weight ratios were not included in reports of the carcinogenesis study (11) (12) (13) .
Analysis of the carcinogenesis bioassay results conducted by NTP (11) (12) (13) Statistical analyses were conducted by the NTP study investigators to test for differences between control and MF-exposed groups in mortality and tumor incidence across a large number of tumor types. For the most part, significant differences were not observed. The few differences that were noted were: a) early mortality (p < 0.05) of the 1-mT-exposed group of male mice; b) increased incidences of thyroid gland C-cell adenomas in the 2-pT-and 0.2-mT-exposed groups of male rats (p < 0.05), C-cell carcinomas in the 2- gT-exposed group of male rats, and combined C-cell adenomas and carcinomas in both the 2-pT-and 0.2-mT-exposed groups of male rats (p < 0.01); and c) decreased incidences of mononuclear cell leukemia in male rats (p < 0.05) and several tumor types in mice (p < 0.01). The decreases in tumor incidences were considered by investigators unlikely to be related to MF exposure [see Boorman et al. (13) and McCormick et al. (12) for discussion].
Investigators concluded that the increased incidences of thyroid gland C-cell neoplasms in male rats constituted equivocal evidence of carcinogenic activity, based on the evidence categories applied by the NTP (11, 13) . As noted by investigators, however, the statistically significant increases observed were consistent with the frequency of false positives expected to occur by chance because of the large number of tumor types over which statistical tests were performed. Thus, the increase in thyroid gland C-cell neoplasms quite possibly reflects random variability in tumor distribution rather than indicating a biologic effect of MFs. Investigators indicate that the statistically significant early mortality noted in male mice exposed to 1 mT continuous fields did not appear to be accounted for by any clinical toxicity or specific tumor types (11, 12) , but the difference is not further discussed. Yasui Table 3 , whereas the overall percent of neoplasms and the percent of benign neoplasms were similar in the two studies, the incidence of malignant neoplasms in the Yasui et al. study was less than half that observed in the NTP study. This disparity could also be due to substrain differences and possibly also to the more limited histopathologic analysis conducted by Yasui (11, 13) were observed in the other study. Thus, these two studies provide independent evidence that strongly suggests that MFs under the conditions tested do not affect tumor incidence in male F344 rats.
Mandeville et al. (14) exposed groups of 50 female F344 rats beginning 2 days prior to birth to 60-Hz sham (< 0.02 pT), 2-pT, 20- gT, 200-jT, and 2-mT fields for 20 hr each day for 2 years (Table 2 ). In addition to sham-exposed controls, controls housed in a different room from exposed and shamexposed groups were included. Body weight and survival were monitored throughout the study and full necropsies and histopathologic evaluations of all tissues were performed on all animals under study. Neoplastic parameters reported are tumor incidence at the end of the study and cumulative tumor incidence during the course of the study. A number of statistical tests were performed to compare tumor incidence in exposed and control groups (both sham-exposed controls and room controls) and to determine whether a trend in incidence over the different dose groups could be discerned. Investigators reported no statistically significant effects of MF exposure on survival or tumor incidence.
With one qualification (discussed below), this study appears to conform to quality criteria. Both the exposure and the histopathologic analyses were performed under blinded conditions. The study was also subjected to a Q/A procedure performed by an independent pathology laboratory during the course of the experiment and the pathology results were reviewed (also under blinded conditions) by a panel that included independent pathologists (14) . It should be noted, however, that survival of the sham-exposed controls and survival of two of the MF exposure groups were significantly lower than that of the room control group (32-38% vs 60%). In the NTP study (11) , the survival of female F344 rats at 104 weeks was 61-69% over all groups, similar to survival of room controls in the Mandeville et al. (14) study. Thus, a caveat to the conclusion that the Mandeville et al. (14) study satisfies quality control criteria must be some concern that either uncontrolled or confounding factors may have produced early mortality in the sham-exposed controls and in two of the MF-exposed groups. Curiously, this difference did not appear to affect the terminal tumor incidence rates, which were similar in all groups. This discrepancy in mortality rates was not addressed by Mandeville et (3) (4) (5) .
Since the F344 rats employed in the Mandeville et al. (14) study are the same strain and substrain of animal utilized by the NTP in their EMF study discussed above (11) and were obtained from an NTP facility, and the MF exposure ranges in both studies overlap, the two studies provide independently replicated evidence that MFs under the conditions tested do not affect tumor incidence or mortality rates in female F344 rats.
The mouse lymphoma study of Babbit et al. (15) is unique because of its size (2,660 female C57B1/6 mice), its use of a lifetime model employing both uninitiated and ionizing-radiation-initiated animals, and its completeness with respect to a detailed histopathologic analysis of tissues relevant to lymphoma/leukemia end points. Tumors observed in these tissues were enumerated and classified according to the Pattengale system (21) . This system identifies five classes of lymphoid neoplasms (follicular center cell, plasma cell, immunoblastic, small lymphocytic, lymphoblastic) on the basis of morphologic and immunologic criteria (21) . The analysis of Babbitt et al. (15) included these five classes as well as related tumor types.
The Babbitt et al. (15) study conforms to quality control criteria. The study conformed to GLP and both the exposure and pathology phases of the study were conducted under blinded conditions. The pathology phase of the study was also subjected to extensive internal and external peer review. The Babbitt et al. (15) study thus provides a statistically sensitive, high quality assay of both the initiating and promoting potential of MFs with respect to thymic lymphoblastic lymphomas, which occur in relatively young animals, as well as a variety of other lymphoid neoplasms that occur in aged mice. Here we discuss the portion of the study aimed at detecting effects of MF exposure on otherwise uninitiated animals, and in subsequent sections we discuss the tests for possible effects of MF exposure on animals pre-exposed to ionizing radiation.
Babbitt et al. (15) exposed 380 female C57B1/6 mice to 60-Hz, 1.41-mT (circularly polarized) MFs 18.5 hr/day from 4 weeks of age to natural death (median age at death of room controls was 29 months). Controls included 190 sham-exposed mice and a group of 380 unexposed mice housed in a separate room. Body weight, mortality, and clinical signs were monitored throughout the study. At death or terminal sacrifice all animals were necropsied and a complete histopathology report was generated on the tissues examined.
Detailed tumor incidence and mortality data are provided for total lymphoid neoplasms and for the subtypes mentioned above. No indication of a statistically significant increase in tumor incidence was noted for any lymphoid tumor end point. Investigators note, however, that visual inspection of hazard plots (the percent of animals dying with lymphoma present at various time points during the course of the study) for several of the end points tabulated (total lymphomas, B-cell lymphomas, histiocytic sarcomas, and all hematopoetic neoplasms) suggests these tumors appeared earlier in the MF-exposed animals. The differences noted, however, are not statistically significant.
Fam and Mikhail (17) have reported results of a three-generation MF exposure study several times in abstract form [see McCann et al. (1) for list of references] and most recently in peer-reviewed format. The study employed CFW male and female mice and 23 hr/day exposure to high-intensity MFs of 60 Hz, 25 mT. The first generation consisted of 1 male and 2 female mice for each of the exposure and control groups (i.e., a total of 6 mice). These animals were continuously exposed to the MF during mating, gestation, and birth of the secondgeneration of animals. To derive the third generation, 4 males and 8 females were chosen from the second-generation MF-exposed group and 2 males and 4 females from the second-generation control group. Then, as before, these animals were continuously exposed to the MF during mating, gestation, and birth of the third generation. The total numbers of mice in the MF-exposed group evaluated in each generation were (29) (30) (31) (32) (33) (34) (35) . The conditions under which these newly available experiments were conducted and the results obtained are in Table 2 . For details and discussion of earlier experiments, see our previous review (1) . Each new experiment is discussed below.
The new study of Beniashvili and colleagues (29) includes some variation in lighting conditions not present in their earlier report but appears to include conditions that approximately replicate those in the group's earlier positive report (28) . In particular, as shown in Table 2 Hz, -20 PT, ac or dc, 3 hr/day) was initiated 2 days after the first MNU injection and continued for 15 months. The first appearance of mammary tumors was determined by weekly palpation, and mammary adenocarcinoma incidence was confirmed histologically.
This study (29) satisfies most but not all quality control criteria. The biologic aspects of the protocol appear to conform to prior experience with MNU induction of mammary tumors in rats, most critical controls are included, and appropriate statistical methodology is employed. Though a dose-response curve is not reported, the appearance of palpable mammary tumors over time is recorded and the same MF exposure conditions were previously employed in similar experiments using different lighting regimes (28) , thus roughly approximating replication conditions. The report, however, does not provide sufficient experimental details concerning the design of the exposure system and the rat strain employed. In addition, a sham-exposed control group was not included.
In the group's earlier report (28) , MNU apparently was administered only once; the mammary tumor incidence reported in MNU-treated rats was 59%, with a mean latency period of 74 days. In the more recent report, these values are 32% and 166 days. Thus, tumor incidence appears to be lower and the latency period considerably longer in the more recent report despite using 3 times the amount of MNU used in the earlier study. The significance ofthis apparent inconsistency is uncertain. The discrepancy could be due to an error of omission in the protocol description in the group's first report. In the published literature there is considerable variability in the i.v. dose of MNU required to elicit comparable mammary tumor incidence in the same rat strains [e.g., see Rose and Mountjoy (36) and VanderPloeg et al. (37) ], so the apparent variability in sensitivity to MNU in the two reports (28, 29) from the Beniashvili group may not necessarily be of concern with respect to study quality.
The primary value of the Anisimov et al. (29) report with respect to this review is the extent to which it may be considered a replication of the positive results reported previously by the same group (28) . The condition using a 12-hr light/12-hr dark illumination schedule and a 3-hr daily MF exposure in the more recent study (29) roughly duplicates conditions reported previously (28) . Differences are the apparent discrepancy in the reported number of MNU treatments discussed above and some difference in the duration of the experiments [24 months (28) compared to 15 months (29) ]. Previously, the group reported a statistically significant (p < 0.05) increase in tumor incidence in groups exposed to MNU and to either ac or dc fields compared to the group exposed only to MNU. In the current report (29) , though there are increases in the incidence of mammary adenocarcinomas in both the ac and dc groups compared to the group exposed only to MNU, the increases are not statistically significant. Significant increases were only observed in the MFexposed groups when the experiment was conducted under 24-hr lighting conditions. In the group's earlier report (28) , apparently Environmental Health Perspectives * Vol 108, Supplement 1 * March 2000 significant decreases in the mean latency period were also reported for the two MFexposed groups pretreated with MNU compared to the group exposed only to MNU. In the current report (29) , the MNU-treated acexposed group exhibits a significantly shorter latency (p < 0.05) than the MNU-only group, thus reproducing the earlier result. However, the dc-exposed group does not show any decrease in latency. Thus, the results presented in these two reports differ in some respects. The most recent study does, however, support the group's previous findings with respect to an apparent enhancement effect of ac fields on the rate of development of MNU-induced mammary adenocarcinoma.
The Loscher group recently presented the results of two studies (32, 38) intended in part to test the reproducibility of their earlier findings (25, 26) that continuous exposure of female Sprague-Dawley rats to 50-Hz, 100- pT MFs for 13 weeks results in a) a significant increase in tumor growth as determined by palpation (25); b) a significant increase in tumor volume determined at autopsy (26) ; and, c) a statistically significant increase in the incidence of adenocarcinomas (26) .
In the first of these two studies (32), investigators report a statistically significant (p < 0.05) increase in mammary tumor incidence in MF-treated rats compared to shamexposed DMBA-treated controls as determined by palpation from 9 weeks through the termination of the study at 13 weeks. A significant increase (p < 0.05) in tumor incidence was also reported based on the incidence of macroscopically visible tumors determined at autopsy. This experiment appears to be thoroughly described and meets quality control criteria except for the omission of a histopathologic analysis. All phases of the study were conducted under blinded conditions, exposure parameters were validated by independent audit, and the exposure system was patterned on an NTPrecommended protocol.
In the second study, Thun-Battersby et al. (38) (25, 32) of a statistically significant (p < 0.05) increase in the incidence of palpable mammary tumors in MF-exposed rats at 13 weeks compared to sham-exposed controls. The earlier report of an increase in tumor volume on necropsy at 13 weeks (26) is also approximately replicated (results were statistically significant at 12 weeks [p < 0.05]), although Thun-Battersby et al. (38) determined tumor volume during this time period by palpation, since their experiment was not terminated until 27 weeks. Finally, the statistically significant increase in adenocarcinomas at 13 weeks reported by Baum et al. (26) was not observed at 27 weeks by Thun-Battersby et al., though this more recent report did observe a nonstatistically significant increase in the incidence of adenocarcinomas at 27 weeks.
The Loscher group (31), using the same experimental protocol employed in their earlier studies (25, 27) , report that continuous exposure of female Sprague-Dawley rats (99 per group) for 91 days to 50-Hz, 10-pT MFs does not result in a statistically significant increase in the incidence of mammary tumors when the MF-treated group is compared to DMBA sham-exposed controls. The exposure phase of this study and biochemical measurements (e.g., melatonin) were conducted under blinded conditions, and the study satisfies quality control criteria except that a histopathologic analysis was performed on only some tumors.
Interpretation of the combined results now available from the Loscher group is complex. The most completely reported positive experimental results prior to the reports discussed above (32, 38) are from two studies (25) (26) (27) . The first of these studies (25, 26) employed 100-pT MF exposures and reported tumor incidence (proportion of animals with tumors) on the basis of results of weekly palpation (25) or histopathologic examination (26) . These two analyses indicated that a statistically significant (p < 0.05) difference in tumor incidence between MFexposed and sham-exposed DMBA-treated rats was observed at 13 weeks based on results of palpation (25) , but that a significant difference was not observed when incidence was calculated based on numbers of tumors observed in a histopathologic examination of animals from the same study examined at 13 weeks (26) . Instead, Baum et al. (26) observed: a) a statistically significant increase in median tumor volume between MFexposed and sham-exposed animals, suggesting an effect of MF exposure on tumor growth but not on overall tumor incidence; and b) a significant increase in the incidence of animals with histologically confirmed adenocarcinomas, suggesting an effect of MF exposure on tumor progression. The second study (27) employed 50-pT MF exposures and also reported statistically significant increases in tumor incidence based on palpation during the course of the 13-week study and macroscopically visible tumors at autopsy.
The recent studies of Mevissen et al. (32) and Thun-Battersby et al. (38) discussed above are partially consistent with the results of these two earlier studies. First, a statistically significant increase in tumor incidence at 13 weeks on the basis of palpation and the number of animals with macroscopic tumors observed at autopsy (also at 13 weeks) was reported in the replication study (32) ; this is roughly consistent with the original observation of Loscher et al. (25) and Mevissen et al. (27) . However, statistically significant differences in tumor volume between MF-exposed and sham-exposed animals based on measurements at autopsy at 13 weeks were not observed in the replication study (32) , in contrast to the report of Baum et al. (26) [Mevissen et al. (32) did not determine the incidence of adenocarcinomas histologically].
In the more recent 27-week study of Thun-Battersby et al. (38) , the palpation result at 13 weeks is again confirmed. However, as this experiment was not terminated until 27 weeks, autopsy and histopathology results cannot be directly compared with earlier 13-week experiments. Thun-Battersby et al. (38) did, however, estimate tumor volume during the course of their experiment by palpation, and report a statistically significant (p < 0.05) increase in tumor volume in MF-exposed rats compared to sham-exposed controls at 12 weeks. Thus, while the recent reports of Mevissen et al. (32) and Thun-Battersby et al. (38) do not stricdy replicate all of the group's original findings, they do roughly replicate the observations based on palpation. Ekstrom Table 2 . Two 13-week studies and one 26-week study were conducted involving chronic exposures to 50-or 60-Hz MFs of 0.1 mT and 0.5 mT. All three studies are thoroughly documented and satisfy quality control criteria. Experiments were conducted according to GLP; the MF characterizations were independently verified; pathology slides, data records, and tables were verified by independent audit and reviewed under blinded conditions by the NTP Pathology Working Group. On completion of the study, a comprehensive retrospective study audit was conducted by an independent Q/A contractor.
In the first 13-week study, very high incidences (93%) of mammary tumors in the DMBA-treated control rats prevented determination of possible effects of MF exposure on tumor incidence at 13 weeks. In the second 13-week study, the dosing of DMBA was decreased so that tumor incidence in DMBA-treated sham-exposed controls was more consistent with results reported by the Loscher group (43% in the NTP study compared to 34-62% in the positive studies of the Loscher group).
The results of the second 13-week study (33, 34) did not demonstrate any increase in tumor incidence in either MF-exposed group (50 Hz, 0.1 mT and 0.5 mT) compared to sham-exposed controls determined either by palpation over the course of the 13 weeks, macroscopically at necropsy, or histologically. The mean area per carcinoma determined at necropsy was slightly larger (8-16%) in both MF-exposed groups compared to the DMBA-treated sham-exposed controls. This small increase was not statistically significant.
The 26-week study (33, 35 ) was conducted using a single dose of DMBA (10 mg/rat) prior to MF exposure in contrast to the fractionated dose protocol used previously. This exposure protocol resulted in a tumor incidence (as determined by palpation) at 13 weeks of approximately 65% and at 26 weeks of 100%. This experiment was appropriate for examining possible effects of MF exposure on tumor latency and on growth rate but was not appropriate for comparing tumor incidence at 26 weeks because of high tumor rates in the DMBA-treated sham-exposed controls. The weekly palpation data do not demonstrate any apparent increase in the rate of tumor growth in the MF-treated animals over the course of the experiment. In fact, fewer tumors and fewer tumors per rat were observed in all exposed groups compared to controls. The mean area per carcinoma, however, determined at necropsy suggests a slightly larger though not statistically significant tumor volume (9-24% greater than controls) in all three MF-exposed groups compared to the DMBA-treated sham-exposed controls.
Results of the second 13-week study and the 26- (38) . The first three points are clearly contradicted by the NTP study, whereas the final point is not clearly contradicted.
Tests ofmagneticfields using the mouse skin modeL Although the use of transgenic models of epidermal carcinogenesis in mice is increasing [e.g., Holden et al. (39) ; recent reviews by Brown et al. (40) and Arbeit (41) (48, 49) or positive (50) effects of MF exposure, and one abstract that also reported positive results (51) . We concluded that results of promotion experiments in the mouse skin system were substantially negative, but that there was some suggestion of late effects associated with MF exposure in co-promotion assays.
Since our earlier review (1), completed reports (52) (53) (54) (55) are now available for three of the four abstracts, one new study has appeared (56) , and another abstract from the Byus group is available (57) . All but one (54, 55) of these new studies examined only the co-promotion potential of MFs. The study of DiGiovanni et al. (54, 55) primarily examined co-promotion but included an experiment on promotion ( Table 2 ). The promotion experiment, using the SENCAR mouse, employed DMBA (2.56 pg) as initiator and chronic exposure (6 hr/day, 5 days/week) to 60-Hz, 2-mT continuous fields. Results were negative, confirming previous similar reports (58, 59 130 ,uT, each applied in succession for 20 min followed by a 2-hr pause).
Investigators report that macroscopic skin tumors appeared earlier (measured by tumor incidence and numbers of tumors per animal) in both transgenic and nontransgenic mice exposed to both UV and either continuous or intermittent MFs comnpared to the corresponding groups exposed only to UV. These results were statistically significant only for the transgenic group (p < 0.015).
Investigators also report an apparent increase in the incidence of skin tumors greater than 8 mm in diameter in MF-+ UV-exposed animals at the termination of the study ( The study is difficult to evaluate for several reasons. First, the key results (tumor incidence as a function of time) are presented only as values summed over the continuously and intermittently exposed groups. Second, investigators failed to provide data on numbers of animals with multiple lesions. Third, a positive control was not included; this would have been helpful to assist in validating the new assay. Finally, a puzzling feature of the study, as discussed by investigators, is the apparent lack of any increase over UVexposed controls in the terminal incidence of histologically verified papillomas or squamous cell carcinomas in MF-+ UV-exposed transgenic or nontransgenic animals compared to the 2-to 3-fold increase in epidermal cysts in the MF-+ UV-exposed transgenics (56) .
In abstract form, Byus (48) work was reviewed by the RAPID Working Group (3), which pointed out several limitations in the study such as the lack of control over switching transients and also the questionable appropriateness of lumping results from different exposure levels. All co-promotion studies were conducted using long-term exposure to 60-Hz, 2 mT fields. Results of these studies are predominantly negative. Experiments from two research groups (52, 53) strongly suggest that 60-Hz, 2 mT MFs do not co-promote development of skin tumors in SENCAR mice in the DMBA/TPA two-stage model at any time up to 23 weeks after the initiation of exposure. These negative studies contradict the transient co-promotion effect at week 18 initially reported by Stuchly et al. (50) . One positive result (p < 0.03) that we discussed previously (1) has not yet been tested by replication. In this experiment, an increase in progression to malignancy was observed in SENCAR mice exposed to 60-Hz, 2 mT MFs for 52 weeks in a DMBA/TPA two-stage co-promotion assay in which TPA was applied for the first 23 weeks of the experiment (49) .
Test ofmagneticfields using animal models ofleukemia and lymphoma. A number of murine models of lymphoma/leukemia are available. For recent reviews, see Uckun (62) and Pattengale (21, 63) . Though many factors, such as the complex role played by viruses in murine neoplasia, complicate the determination of the relevancy of these models to human cancer, some lymphoma/ leukemias in mice have similarities to the diverse collection of neoplasms grouped under this general heading in humans (21, 64, 65) . Table 4 Several models of lymphoma/leukemia in mice have been suggested as possibly relevant to human B-CLL (66) (67) (68) (69) (70) . One of the models described below that has been used to test EMF, the large granular lymphocyte (LGL) rat leukemia transplant model, has been proposed as an appropriate model for human T-CLL (71 Almost all types of human lymphomas have also been observed in mice The distribution of lymphoma tumor types is roughly similar in humans and mice There are age similarities between murine lymphoblastic T-cell lymphoma/leukemia and the analogous childhood and young adult T-cell neoplasms in humans The B/T ratios of lymphomas in human adults and older mice are similar (3-4:1) lnterleukin-6 is involved in the pathogenesis of murine plasmacytoma and human multiple myeloma Similar tumor antigen markers have been observed in both humans and mice Both malignant CD5 B cells in NZB mice and human B-CLL cells express interleukin-10 mRNA Similar cytogenetic changes have been observed in certain lymphomas in humans and mice:
in radiation-induced thymic lymphomas in C57BL/6 or SCID mice and in human populations at high risk for lymphoma in mouse plasmacytomas and human Burkitt's lymphoma in follicular center cell lymphomas in SJl mice and in human germinal center lymphomas in CD5 B-cell chronic lymphocytic leukemia in NZB mice and in human B-CLL Although oncogene involvement is known to be important in lymphomagenesis in both mice and humans, relationships between specific oncogenes and pathogenic outcomes are not necessarily the same in both species Among the human lymphomas, only Burkitt's is known to involve c-myc, whereas in mice c-myc has been associated with plasmacytomas Other examples where the same oncogene leads to different neoplasms in mice and humans An increased risk of lymphoma/leukemia is associated with radiation exposure and certain chemicals, especially immunosuppressive cancer chemotherapeutic agents in both humans and mice A majority of approximately 10 carcinogens tested in long-term rodent bioassays that were associated with an increased incidence of lymphoma or leukemia in humans also induced related neoplasms in rats or mice.
acute myeloid leukemia, are quite different from that of CLL. The growth of both these childhood leukemias can be studied in immune-deficient mice by transplantation (72, 73) . It has also been suggested by Pattengale (21) that there are similarities between early-appearing murine lymphoblastic T-cell lymphomas and analogous childhood leukemia/lymphomas. These T-cell neoplasms are a primary end point in the Kaplan split-dose ionizing radiation model in mice (74) , which has been used to test EMF (15, 75 (21, 86) . As indicated above, it has been suggested that there may be some similarities between early-appearing murine lymphoblastic T-cell lymphomas, the primary end point in this model system, and the analogous childhood and young adult T-cell neoplasms in humans (21) .
As we previously discussed (1), the mechanism of lymphomagenesis induced by Analysis of this study is complicated to some extent by the lack of prior history with the system with respect to the effectiveness of known promoters and also by the fact that in animals exposed to gamma irradiation, the time course of lymphoma induction is complex. The primary effect of split-dose irradiation in the Kaplan model is to increase the incidence of early (up to about 300 days) lymphomas. Thus, experiments using the Kaplan model are usually terminated at approximately 1 year. However, Babbitt et al. (15) extended their experiment for the lifetime of the animals (approximately 2.5 years). Thus, in control groups exposed to different levels of ionizing radiation, a relatively early increase was observed in the percentage of mice dying with lymphoma present, and in aged mice a second wave of increase in lymphomas was observed. Possible effects of MF exposure on the rate of development of radiation-induced lymphomas were determined at various time points after initiation of exposure, up to 2.5 years. Since there was not a provision for serial sacrifice in this study, tumor incidence could not be determined precisely prior to terminal sacrifice. However, since, as indicated by investigators, lymphoblastic lymphoma was very likely the cause of death for animals dying during the first year of the study with this tumor present, the incidence value employed (death with lymphoma present) is most likely a valid reflection of lymphoma incidence.
When death with lymphoma present was compared for MF-exposed animals and corresponding radiation controls using only data obtained during the first year of the experiment, no statistically significant effects of MF exposure were apparent. Thus, the percent of animals dying with lymphoma present were, for the 0-, 3.0-, 4.0-, and 5.1-Gy exposed groups respectively; 0, 0.53, 5.3, and 25% for the controls; and 0, 1.1, 6.1, and 19% for the MF-exposed groups. Statistically significant effects of MF exposure of gamma-irradiated groups were also not observed at time periods longer than 300 days, up to 2.5 years. This was true for all lymphomas combined and for the subtypes examined, which were lymphoblastic, lymphocytic, and combined B-cell lymphomas. Also, no significant effects were seen for histiocytic sarcoma.
Shen et al. (84) exposed groups of male or female Swiss-Webster mice (75-89 per sex group) to 50-Hz, 1-mT MFs (3 hr/day, 6 days/week for 16 weeks beginning at 14 days of age) after a single treatment with DMBA (35 pg/mouse, sc) shortly after birth. At 32 weeks of age, the experiment was terminated and all animals were subjected to histopathologic examination. Neoplastic end points examined were premalignant, early, or advanced thymic lymphoma reported as tumor incidence and metastatic infiltration in the liver and spleen of mice with advanced lymphoma, which were also reported as incidence values.
The Shen et al. (84) report roughly satisfies data quality criteria, with some reservations. The specific model system employed has, to our knowledge, not been used previously, but data on group survival and tumor incidence in negative controls (two sham-exposure groups, one with and one without DMBA treatment) suggest that there was no excessive toxicity and that tumor incidences were within a range permitting valid comparisons.
With respect to the major end point, tumor incidence, the investigators report no significant effect. However, the results were less clear for some secondary end points. The investigators report that, for the most severe category of metastatic infiltration in liver, when data for males and females were pooled, comparison of incidence in MF-exposed and sham-exposed animals resulted in a statistically significant increase (p < 0.01 as determined by X2 two-way contingency table analysis) in the MF-exposed animals. Infiltration data for individual sexes are not reported. Using the data presented in the paper, we determined that the difference in infiltration incidence between MF-exposed and sham-exposed animals classified as "moderately infiltrated" was also statistically significant (p < 0.02) but in the opposite direction (i.e., the pooled group exposed to the MF exhibited less infiltration than sham-exposed controls). This analysis suggests that there was a relatively high degree of variability among the various groups and that the positive results reported by the investigators may not be biologically significant.
The issue of reproducibility was not directly addressed in the study. Lymphoma incidence was enumerated separately in male and female groups, but since significant differences in sensitivity to lymphomagenesis are known to exist between male and female mice [see for example, NTP (11), McCormick et al. (12) , and Boorman et al. (13) ], the use of different sex groups cannot serve as a rough internal check on consistency. Further, interpretation of the metastatic infiltration results is complicated by the fact that data from males and females were pooled rather than reported separately.
We previously indicated (1) the negative experiment of Svedenst'al and Holmberg (75) did not satisfy several quality control criteria and is difficult to evaluate. Despite the fact that the studies of Shen et al. (84) Although a number of chemicals have been associated with significant decreases in the spontaneous incidence of LGL leukemia in aged Fischer rats (97, 98) and with decreases in the rate of onset of leukemia in transplant recipients in the LGL transplant model (99) , the ability of this system to detect leukemogens or co-leukemogens is less certain. In our previous review (1) we discussed experiments of Dieter and colleagues (100) and suggested that their report of enhancement effects may not be definitive. More (79) (80) (81) (82) 101) appear to be well done, the significance of the results with respect to whether MFs have any leukemogenic potential is uncertain. Below, we review the experiments conducted by this group.
In our previous review (1) we included preliminary negative results from this group, which were available in abstract form (102, 103) . As discussed above, since our review was published these experiments have been completed. Some of the results have been published in peer-reviewed format (81, 82) , and the complete study results are available in report form (79,80,101) . These experiments were all conducted according to GLP, and their progress was periodically reviewed by an independent auditor. Engineering aspects of the study were also independently reviewed by the National Institute of Standards and Technology.
As shown in Table 2 , two experiments were conducted. The first experiment (80) (81) (82) involving a total of 504 animals included chronic 18-week exposure to continuous, linearly polarized MFs (60 Hz, 1 mT). This experiment involved four treatment groups including the MF-exposed animals, a sham-exposed control group, ambient controls, and a positive control group that received 5-Gy whole-body irradiation. At the initiation of MF (18 animals in each group were sacrificed at each time point) for additional morphologic, hematologic, and histopathologic evaluation (82) . Investigators report that significant or consistent differences between exposed and control groups were not observed in any experimental parameter, whereas consistent statistically significant differences were observed for the positive control group in most experimental parameters.
In a second experiment (79) involving a total of 144 animals, two additional variables were examined ( cells were bled from weeks 6 to 16. Additionally, body weight and splenomegaly were monitored throughout the study and spleen weights were determined at necropsy.
The experiment employing conditions of a cell inoculum of 2.2 x 107 and exposure to continuous fields represents a replication of the first experiment discussed above (80) (81) (82) . As in the first study, no significant differences were noted between ambient and MFexposed groups in any neoplastic parameter.
A comparison of results in these two experiments employing inocula of 2.2 x 107 does, however, indicate other differences that illustrate the interexperimental variability of this system. First, the rate of disease development appears to be similar as measured by the time of onset of palpable splenomegaly (approximately 7 weeks in both sets of experiments) but appears to be quite different as measured by mortality. For the positive controls, 50% survival occurred at approximately 15 weeks in the first experiment (80) (81) (82) and at approximately 23 weeks in the second experiment (79) . Second, the first experiment (80-82) demonstrated a significantly more rapid decline in survival of the positive controls compared to all other experimental groups, whereas the replication experiment (79) did not indicate any significant enhancement in the mortality rate of the positive controls over those of the other experimental groups. In contrast, the hematologic parameters measured in both sets of experiments demonstrate observable effects of the radiation exposure in the positive controls compared to the other experimental groups.
For the groups exposed to intermittent MFs (1 mT off/on at 3-min intervals) that received 2.2 x 107 cell inocula, statistically significant differences between the MF-exposed group and ambient controls were observed in virtually all hematologic parameters monitored (number of red blood cells, hemoglobin concentration, packed cell volume, nucleated red blood cells, white blood cells, LGL cells, and lymphocytes). The direction of the difference was consistent, suggesting an earlier onset of disease in the MF-exposed group. Similar effects were not observed in the group receiving the smaller inoculum.
Interpretation of this result is complex. First, group sizes were modest (18 animals per group), suggesting the possibility of variability in the outcome. Second, as the investigators point out, the lack of consistency in results between the two experiments involving different inocula could be an argument for the absence of a real effect. However, reduced sensitivity to MF effects due to slower progression of the disease in animals receiving the smaller inoculum cannot be ruled out. Third, the differences observed were statistically significant only if the data were combined over the time course of the disease progression. However, relatively small and inconsistent differences in disease parameters were observed in this system for Environmental Health Perspectives * Vol 108, Supplement l * March 2000 irradiation, a known potent leukemogen. Thus, if MFs were a leukemogen or coleukemogen ofweak to moderate potency, the results observed would not be unexpected.
In summary, the results of this study do not rule out the possibility that chronic exposure of rats inoculated with 2.2 x 107 LGL cells to a 60-Hz, 1 mT intermittent (3 sec on/off) field may result in enhancement of LGL leukemia growth in transplant recipients. The factors suggesting that the intermittent MF may have some enhancing effect are first, the high quality of the study, particularly with respect to inclusion of appropriate controls and a relatively large number of monitored disease parameters, as well as a detailed presentation of results; second, the consistency of the direction of the effect; and third, the fact that a large number of hematologic parameters demonstrated an apparent enhancement effect. This third factor must, however, be tempered with the caveat that biologic variation in one hematologic parameter might be expected to affect other parameters as well.
TESTS IN LYMPHOMA/LEUKEMIA-PRONE MOUSE STRAINS. Transgenic models. A large and increasing number of transgenic mouse models are now available for the study of oncogenesis. For general reviews see Seldin (104) and Adams and Cory (105) . Several transgenic models, including a p53def system (discussed below), are currently undergoing multilaboratory validation as alternative carcinogen testing methods (106, 107) . Two transgenic mouse systems have been used to test for possible effects of EMF on carcinogenesis. These are model systems involving the oncogenes pim-1 and p53f
For recent reviews of the function and regulation of pim-1, see Hoover et al. (108), Jonkers and Berns (109) , and Berns et al. (110) . In the transgenic models involving the pim oncogene that have been used to test for possible effects of EMF (77, 83) , pim-1 is linked to the immunoglobulin heavy chain enhancer (Eg). This linkage mimics the chromosomal translocation associated with lymphoid tumors and promotes transgene expression in both T and B cells (105, 111) .
Ej-pim-1 mice exhibit a 5-10% spontaneous incidence of T-cell lymphomas that appear early in life (at approximately 7 months of age) (90) . After 10 months of age, nonlymphoblastic lymphomas predominate (83, 112) . These mice are susceptible to point-mutation-inducing genotoxic carcinogens such as ENU (113, 114) and to other genotoxic carcinogens including X-irradiation (90), benzo[a]pyrene (115) , and the heterocyclic amine 2-amino-1-methyl-6-phenylimidazo- [4,5-b] pyridine (116) . Most lymphomas induced in this system by ENU are lymphoblastic lymphomas (117) . Nongenotoxic lymphomagenic agents tested in the system, such as benzene (118) and TPA (115) , have been negative. Ep-pim-1 mice have also been used to test for possible effects of microwave frequency electromagnetic fields (112) .
The E1i-pim-1 system employing ENU as inducer has been demonstrated to detect inhibitory effects of one of two agents tested that are known to have a broad spectrum of chemopreventive activity in other animal model systems (119) . To our knowledge, the system employing ENU has not been used to test for promoters or other agents that enhance the post-initiation stages of carcinogenesis.
The function and regulation of p53 have been comprehensively reviewed (120) (121) (122) (123) (124) . For discussion of the use of p53 transgenic models in the study of multistep lymphomagenesis, see Seldin (104) . Mice homozygous for the p53 null allele (knockout mice that lack the p53 protein entirely) are highly susceptible to T-cell lymphoma. However, in these homozygous knockout mice, spontaneous tumors develop so rapidly that the detection of co-carcinogenic or late-stage effects of test agents is not feasible (104) . The p53 system p53def, which has been used to test for possible carcinogenic enhancement effects of EMF (77), uses mice heterozygous for the p53 null allele (p53Y-). Malignant lymphomas also occur spontaneously in heterozygotes. In animals less than one year of age, few tumors are observed, but among these, tumors of the hematopoietic system predominate (77) . Over a longer time period, osteosarcomas and soft-tissue sarcomas develop spontaneously, and these tumors are similar to those commonly observed in children (76) .
In the p53def system, since tumors do not usually develop until the mice reach one year of age, detection of effects of treatment with potential co-carcinogens is feasible (76) .In fact, several known carcinogens such as dimethylnitrosamine (76, 125) , ionizing radiation (126) , p-cresidine, and 4-vinyl-1-cyclohexene diepoxide (127) have been observed to accelerate development of various neoplasms in this model. A 50-chemical multilaboratory study is currently in progress to further validate the sensitivity and specificity of the p53def test system (106) . It has been suggested that the p53Jef system may provide some advantage for detection of carcinogenic potential relevant to human risk by its apparent insensitivity to rat or mouse strain-specific carcinogens (128, 129) .
A possible limitation for detection of potential co-carcinogenic effects of EMF is that the p53def system has failed to respond to the nonmutagenic carcinogens tested so far (127, 129) . In fact, recently it was suggested that the p53def system be used solely for testing for the potential carcinogenicity of agents with evidence of genotoxic potential (130 (131) . More completely described results of these experiments are now available (77) .
In this report (77) The significance of the negative results of this study are questionable. In addition to the quality control concerns indicated above, the very high incidence of leukemia in the AKR strain of mice suggests that any enhancement effect of MF exposure on the neoplastic process, particularly a weak effect, might be difficult to discern.
Assays for promotion of brain cancer in rodents. At the time of our previous review (1) , ongoing studies of possible effects of EMF exposure on promotion of brain cancer in rodents had not been completed (132 (137) , as well as our previous discussion (1) . Two promoters known to enhance the development of neoplasia in other model systems, TPA and zinc acetate, have been reported to enhance the development of neurogenic tumors in the ENU transplacental model (138, 139) . These results have not been considered definitive, however, because of the small numbers of animals tested (140) . Hexachlorophane, a potential promoter of brain cancer known to produce astrocyte hypertrophy in the brain (140) , did not promote brain cancer in this model, nor did several other agents known to promote neoplasia in other model systems. These agents include phenobarbital (141) , chronic stress (142), X-irradiation (143) , and methylazoxymethanol (144) . We are unaware of other promoters tested in the ENU transplacental model. This system has also recently been used to test for possible effects of microwave frequency electromagnetic fields (145 65 weeks of age. The only statistically significant differences observed were for total incidence of neurogenic tumors (induding glial tumors of the central nervous system and Schwannomas of the peripheral nervous system) in the positive controls (ENU+TPA) compared to the group exposed to ENU only (i.e., no sham or MF exposure) (p < 0.05). No statistically significant differences were observed when tumor incidence in each MFexposed group was compared to the ENUtreated sham-exposed control.
Aside from the variability in tumor incidence among control groups discussed below, this study satisfies quality control criteria. In addition, clinical observations and pathologic evaluations were conducted under Environmental Health Perspectives * Vol 108, Supplement 1 * March 2000 blinded conditions and according to GLP. The exposure system and pathology evaluations were validated by independent audit and the pathology slides were reviewed by a panel of pathologists.
The analysis of this study is complicated because the overall incidence of neurogenic tumors differed considerably between the unexposed ENU control and the shamexposed ENU control (38 and 60%, respectively). This difference is statistically significant (p < 0.05) but most likely reflects inherent variability in the system rather than a biologic effect. Since all the experimental groups were concurrent, the difference between these two control groups also suggests that a statistical comparison in which the two ENU controls (unexposed and shamexposed) are Kaplan and Brown (74) ] and discussed previously (see the section "Lymphoma in mice pre-exposed to initiating agents"), is primarily used to study the development of T-cell lymphomas that do not involve neural tissues. whether chronic exposure to 60-Hz, 1.4-mT circularly polarized MFs enhanced the development of leukemia/lymphoma in female C57B1/6 mice (190-380 per group) (15) (see discussion above in "Lymphoma in mice preexposed to initiating agents").
Three brain tissue sections-from the frontal cortex and basal ganglia, the parietal cortex and thalamus, and the cerebellum and pons-were included in the histopathologic analysis conducted on each animal necropsied for the leukemiallymphoma study. Very few primary brain tumors were identified (a total of seven in all treatment and control groups), and these appeared to be randomly distributed among control and treatment groups. Thus, the doses of ionizing radiation used did not appear to induce brain neoplasms, nor was there evidence of any neoplastic neurogenic effects in any groups also exposed to MFs.
The study was conducted according to GLP and satisfies all quality control criteria. In addition, the exposure and histopathologic analyses were conducted under blinded conditions, and the histopathologic analysis was subjected to internal and external peer reviews.
This study is primarily of interest as a test of the ability of MFs to induce (as opposed to promote) brain cancer, and that aspect was discussed in a previous section ("Tests of Magnetic Fields in 2-Year, Lifetime, or Multigeneration Exposure Studies"). Because in the experiments described in this section ionizing radiation did not induce brain tumors, the study cannot properly be considered a test of the potential of MFs to promote brain cancer.
Discussion
In this report we have updated and extended our previous review of tests of electric and magnetic fields in animal model systems designed to assay for potential carcinogenic activity. A total of 29 new reports were identified, bringing the total of completed reports now reviewed to more than 60. These reports encompass the work of some 20 independent research groups throughout the world. Roughly one-third of the studies in these reports employ 2-year/lifetime or multigeneration chronic exposure bioassays (14 reports from 5 independent research groups). The remainder of the studies use mostly shorterterm bioassays to determine whether EMF has the potential to modulate postinitiation stages of carcinogenesis. The primary assays for postinitiation activity used are the rat mammary carcinoma model (19 reports from 4 independent research groups), the mouse skin model (15 reports from 6 independent research groups), and several animal models of leukemia/lymphoma (15 reports from 5 independent research groups).
As shown in Table 5 , for all but two of the six general model systems reviewed (lifetime or multigeneration exposure studies in rats or mice; rat mammary carcinoma model; rat liver focus assay; mouse skin model; models of human leukemia and lymphoma in rats or mice; and brain cancer promotion in rats), both positive and negative results have been reported.
We have previously discussed the difficulties involved in making summary judgments as to positivity or negativity across a number of EMF test results using the same or similar test system or across different test systems (10) . As indicated in the section "Quality Assurance and Reproducibility/Comparability Criteria," we have relied on a combination of data quality and independent reproducibility criteria to assist in making summary judgments as to positivity or negativity in each model system.
The results of applying data quality and independent reproducibility criteria to assist in making summary judgments are indicated in Table 5 Table 5 , among studies roughly satisfying quality criteria, the criterion for independent reproducibility is not satisfied for any positive results; it is satisfied, however, for negative results in lifetime exposure studies in rats and mice and for both promotion and co-promotion assays in the mouse skin model. The criterion for intralaboratory reproducibility is satisfied for both positive and negative results using the rat mammary carcinoma model (i.e., results of independent replications are contradictory) and for negative results in studies using the LGL rat leukemia model. The reproducibility analysis is complex and critically important in making summary judgments among the results reviewed. Table  6 lists, for each model system reviewed, pairs of test results that were obtained independently by different laboratories or that were results of nonconcurrent intralaboratory replication studies. Each pair of studies listed conforms to the criterion of rough reproducibility (see "Quality Assurance and Reproducibility/Comparability Criteria").
The studies listed in Table 6 also all approximately satisfy basic quality criteria as discussed above (i.e., they appear in boldface in Table 5 ).
As shown, twelve pairs of studies satisfy rough reproducibility criteria. These include four pairs of lifetime or multigeneration exposure studies [(11-13) vs (16), (11-13) vs (14) , (11) (12) (13) vs (15) , and (14) vs (16) ]; four pairs of studies using the rat mammary carcinoma promotion model [(29) vs (28) , (32, 38) vs (25) (26) (27) , (33) (34) (35) vs (25, 26, 32, 38) , and (33, 34) (the second 13-week study) vs (33, 35) (the 26-week study)]; three pairs of studies using the mouse skin promotion/co-promotion model [(54) vs (58, 59) , (50) As shown in Table 6 , aspects of the comprehensive 2-year chronic bioassay conducted by the NTP (11-13) overlap three independently conducted long-term chronic bioassays (14) (15) (16) , and two of the latter three studies also have overlapping aspects (14, 16 (28) , (32, 38) vs (25) (26) (27) , and (33, 34) (the second 13-week study) vs (33, 35) (the 26-week study)], and one independent replication [(33-35) vs (25, 26, 32, 38) ]. Two of the three intralaboratory comparisons confirm positive tumor incidence results, although, as discussed in the text and indicated in Table 6 , there were some differences between studies comprising both of these intralaboratory replication study pairs. The intralaboratory replications conducted by the NTP were both negative. The independent replication study of NTP resulted in negative results for tumor incidence, which contradicts the earlier positive reports from the Loscher group. The NTP 26-week study, however, found a small but not statistically significant increase in tumor volume in all three groups of MF-exposed animals, not dearly contradicting the earlier statistically significant finding at approximately 13 Tables 2 and 5 ). We discuss each of these positive results briefly below. Lifetime or multigeneration exposure studies in rats or mice. The statistically significant positive results that form the basis for the NTP conclusion of equivocal evidence of carcinogenicity (11) are most likely statistical artifacts resulting from biologic variability. This conclusion is strengthened by the failure of this isolated positive result to be confirmed in a similar study by Yasui et al. (16) .
Rat mammary carcinoma model All six positive studies are from two laboratories, those of Beniashvili and colleagues and Loscher and colleagues (see Table 2 and text for references). While both laboratories have provided intralaboratory replication studies confirming their positive results, the only attempt at independent replication (33-35) was negative. Unfortunately the study protocols used by Beniashvili and colleagues and Loscher and colleagues are too dissimilar to permit direct comparison.
Mouse skin model Of the three positive results obtained using this system, two results utilized the SENCAR mouse DMBA/TPA co-promotion system. One of these positive studies (50) was unconfirmed in subsequent replication attempts performed by members of the same research team. A second positive result used the same model system but involved a different neoplastic end point (49) , which precluded direct comparison. The third positive result was obtained in an unvalidated assay system employing UV light as inducer (56) . None of these studies were comparable to the others.
Models ofhuman leukemia and lymphoma in rats or mice. One of the two positive results in this model type occurred in the rat LGL transplant assay in a well-documented study satisfying quality criteria (79) . The other positive result occurred in a mouse lymphoma assay employing DMBA as inducer (84) ; interpretation of this result is not obvious. As indicated above, the result obtained by Anderson et al. (79) is equivocal and its interpretation is complex. Because of the generally high quality of the study, however, the result is possibly significant.
Conclusions
Results of applying data quality and reproducibility criteria to the current data available from in vivo animal carcinogenesis bioassays strongly indicate that chronic exposure to continuous MFs in the range of 0.002-5 mT is unlikely to result in carcinogenesis in rats or mice. Although chronic exposure to MFs appears to be clearly negative in one promotion assay (the mouse skin model), results are conflicting in another assay (the rat mammary carcinoma model), and unreplicated weakly positive results have been reported in one treatment group in a third assay (the rat LGL transplant assay). Therefore, a weak promoting effect of MFs under certain exposure conditions cannot be ruled out categorically based on available data.
